online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 106(4): 456-460, June 2011 Schistosomiasis is an intravascular parasitic disease characterised by chronic and systemic inflammation. After skin penetration, schistosomes migrate to the host hepatic portal system (Wilson & Coulson 1986) . Adult Schistosoma mansoni worms reside in the mesenteric veins for years where they lay eggs and release antigens, which eventually lead to death (Cutts & Wilson 1997 , Cheever et al. 2002 , Wynn et al. 2004 .
Previous studies using mouse models and studies in humans have characterised two polarised cytokine profiles observed after infection, namely an early type-1 (Th1) evolving to a type-2 (Th2) T-cell associated cytokine response. Therefore, the secretion of these cytokines depends on the phase of infection; cytokines, such as tumour necrosis factor (TNF; Th1), interleukin (IL)-4, , are expressed during infection (Wynn et al. 2004) . The balance between the effects of pro and anti-inflammatory cytokines is thought to determine disease outcome (Wynn et al. 2004 , Caldas et al. 2008 . Reinforcing the systemic inflammatory characteristic of schistosomiasis, a state of hypereosinophilia is established after infection, which is related to endomyocardial fibrosis, pulmonary hypertension and portal vein infiltration (Silva et al. 1998 , Franco-Paredes et al. 2007 .
Besides mediating inflammatory processes, cytokines may modulate vascular function. In fact, previous studies have shown that some cytokines that are secreted in schistosomiasis also modulate vascular functions. For instance, IL-13, a cytokine produced by both Th and non-T cells, including eosinophils, increases the expression of 5-hydroxytryptamine (5-HT) 2A receptors and smooth muscle contractility (Zhao et al. 2006) . Furthermore, TNF has been linked in other models to an enhanced vasoconstriction response and to a reduced expression of endothelial nitric oxide synthase (eNOS), resulting in the reduction in nitric oxide (NO) bioavailability (reviewed in Vila & Salaices 2005 , Sprague & Khalil 2009 , Zhang et al. 2009 ). Schistosomiasis increases portal vein contraction in response to 5-HT and acetylcholine (Silva et al. 2003) and reduces endothelium-dependent NO-mediated vasodilatation (Silva et al. 1998 ) and eNOS expression (unpublished observations). Similar results were observed on aortic constriction in male S. mansoni-infected mice ), i.e., in the absence of eggs when exposed to the vasoconstrictor noradrenaline, an effector of the sympathetic autonomous system. Vascular lesions outside the mesenteric portal system are observed in pulmonary artery hypertension, which is typically linked to the presence of eggs in the lung that pass through the porto-systemic shunts (Franco-Paredes et al. 2007 , reviewed in Kolosionek et al. 2010 ) and cytokine production (Crosby et al. 2010) . However, the lack of eggs in the aorta reinforces the hypothesis that circulating egg-and worm-derived antigens and host-derived cytokines affect the vascular system.
In recent years, 5-HT and endothelin 1 (ET-1) have been recognised as important mediators in vascular physiology and are now implicated in vascular disease resulting from chronic inflammation (Eddahibi et al. 2006 , Iglarz & Clozel 2007 . Our study examined the effects of 5-HT and ET-1 on aorta reactivity in S. mansoni-infected mice, focusing on intracellular signalling pathways involved in vascular contraction. 
MATeriALS AnD MeTHODS
Animals and ethics -Male Swiss mice (75-90 days old) were used in all procedures. All experiments were carried out in compliance with ethical standards of our institution (Ethics Committee of the Federal University of Rio de Janeiro the recommendations of the National Council on Experimental Animal Control) and were licensed (DFBC-ICB-011).
Animals were housed under a 12/12 h light/dark cycle and had access to water and food ad libitum. We sought to minimise animal suffering and the minimum number of animals necessary for valid statistical evaluation was used.
Animals were infected as previously described (Lenzi et al. 2006) . Briefly, mice (7 days old) were infected by percutaneous exposure to 80 cercariae of both genders (BH strain; obtained from infected Biomphalaria glabrata snails) for 8 min.
Isometric tension assays -Infected (75-90 days after infection) and age-matched control mice were anesthetised and sacrificed by cervical dislocation. The abdomen was surgically opened and the thoracic aorta was carefully removed, dissected and cut into 3 mm rings. The aortic rings were fixed to an isometric tension transducer, immersed in an organ bath filled with physiological saline solution (PSS) (122 mM NaCl, 5 mM KCl, 15 mM NaHCO 3 , 11.5 mM glucose, 1.25 mM MgCl 2 , 1.25 mM CaCl 2 and 1.25 mM KH 2 PO 4 ) and aerated with oxygen and carbon dioxide (95% O 2 : 5% CO 2 ) at 37ºC. Aortic rings were stretched to an optimal tension of 10 mN and then were equilibrated for 60 min. After the stabilisation period, KCl-induced contraction was performed using a PSS solution in which NaCl was isotonically replaced with 100 mM KCl. The tissues were washed three times with PSS and allowed to recover for further 60 min. Ring contractions were then induced by the addition of 5-HT (10 -9 -10 -5 M), 32 mM caffeine [in this case, the preparation was incubated in Ca 2+ -free medium containing 0.1 mM ethylene glycol tetraacetic acid (EGTA)] or 100 nM ET-1. The contractions were performed in the presence of 250 μM N ω -nitro-L-arginine (L-NNA) (NOS inhibitor) before and after the treatment (30 min) with 5 µM Y-27632 (Rho kinase inhibitor). The concentration of Y-27632 (5 µM) was determined in preliminary assays and is routinely mentioned in the literature.
The force generated expressed as mN units was isometrically recorded using a Grass transducer (FT-03) connected to a data acquisition system (MacLab, Inc, USA) and further quantified using Chart 3.4/s software (MacLab, Inc, USA) (Silva et al. 2003) . The experiments were performed with one or two rings obtained from eight-10 animals.
Statistical analysis -Graphical data are presented as mean and standard error of the mean (SEM) of the indicated number of observations (i.e., number of rings). The maximal contraction in response to agonist (E max ) and the concentration that elicits 50% of the maximal response (EC 50 ) were individually estimated by non-linear regression ). These data are expressed as mean ± SEM. Paired or unpaired Student's t tests were performed considering the arithmetic means from n individual experiments and p < 0.05 (GraphPad Prism 5, GraphPad Software, San Diego California USA, www. graphpad.com).
Drugs -L-NNA, 5-HT and EGTA were purchased from SIGMA Chemical Co (St. Louis, MO, USA); ET-1 was purchased from Tocris Bioscience (Ellisville, USA) and Y-27632 from Merck (USA). Stock solutions were prepared in deionised water (Y-27632, 5-HT 10 mM), NaOH 0.05 mM (L-NNA 25 mM), 100% dimethylsulphoxide (ET-1 10 mM) and diluted daily in buffered physiological solution. Caffeine (32 mM) was diluted in Ca 2+ -free PSS. The highest final concentration of the solvent was 0.1% (v/v) and had no effect on the experiments. Aortic contraction induced by 5-HT and ET-1 -5-HT induced a concentration-dependent response in aorta from both control and infected groups (Fig. 1) . However, the contractions induced by several 5-HT concentrations (30-10,000 nM) were significantly higher in the infected than in the control mice. As a result the E max induced by 5-HT was greater in the infected (16.46 ± 0.65 mN; n = 11) than in the control group (11.35 ± 1.04 mN, n= 9, p < 0.05). On the other hand, the potency of 5-HT did not change as revealed by the similar EC 50 values between groups that were in the nM range of concentration [log of EC 50 : -7.2 ± 0.07 and -7.2 ± 0.05 M, for control (n = 9) and infected (n = 11), respectively].
Differently from the contraction induced by 5-HT, ET-1 induced a non-sustainable contraction in mice aorta with maximal effect attained at 10 nM. The developed force in response to this concentration represented near 100% of the contraction induced by KCl 100 mM in both groups of animals, which is in agreement with previous data (Zhou et al. 2004 ). However, differently from what was observed with 5-HT in this model, there was no difference in aorta contraction in response to ET-1 between the two groups (5.88 ± 0.45 and 5.19 ± 0.61 mN, n = 10, control and infected mice, respectively). both by Ca 2+ influx and by mobilisation from sarcoplasmic reticulum (Low et al. 1997 , McKune & Watts 2001 . As shown in Fig. 2 , caffeine (32 mM), a pharmacological tool that mobilises Ca 2+ from sarcoplasmic reticulum, induced a greater contraction in aortic rings in the infected as compared to control group.
Intracellular pathways involved in the enhanced. 5-HT-induced vascular contraction in S. mansoniinfected mouse
Rho kinase activity regulates Ca 2+ sensitivity of the vascular contractile machinery (Somlyo & Somlyo 2003) . The selective inhibition of Rho kinase in vitro reduced the contraction induced by 5-HT in both groups (Fig. 3, Table I ). However, despite the fact that the remaining force after Rho kinase inhibition was still higher in the infected group than in the control group (Table  I) , the mean absolute reduction of the developed force was similar in both groups (about 7 mN).
In addition, we also investigated this intracellular signalling in the contraction induced by ET-1. Rho kinase inhibition abolished the contraction in response to ET-1 similarly in both groups (Table II) .
DiSCuSSiOn
The present study shows that aorta from mice infected with S. mansoni develop an enhanced contraction in response to 5-HT, an important mediator involved in vascular contraction.
In murine aorta, 5-HT promotes vasoconstriction mainly through 5-HT 2A receptors coupled to L-type calcium channels and phospholipase C pathways, among others (Mckune & Watts 2001) . For instance, this receptor is also linked to calcium mobilisation from sarcoplasmic reticulum through intracellular calcium channels known as ryanodine receptors (Low et al. 1997) . As noted, 5-HT promoted a higher contraction in the aorta of infected animals than of controls. A similar effect was observed with caffeine, an activator of ryanodine receptors, suggesting that the increased response to 5-HT might be related to an enhanced calcium mobilisation from intracellular stores. Previous data have shown that both the vascular expression and activation of voltagedependent L type Ca 2+ channels in the vasculature are enhanced in schistosomiasis (Silva et al. 2003 . In addition, p38 mitogen-activated protein kinase (p38 MAPK) also contributes to 5-HT-induced contraction and the enzyme expression increases during schistosomiasis, at least in mice portal vein (Araujo et al. 2007 ). Therefore, we propose that the increased Ca 2+ influx and mobilization, and possibly the increased activity of p38 MAPK, contribute to the enhancement of 5-HT-induced contraction during schistosomiasis.
The sensitivity of the contractile apparatus to cytosolic Ca 2+ is also relevant and is affected by Rho kinasemediated signalling (Somlyo & Somlyo 2003) . Previous indirect data suggested that Ca 2+ sensitivity of the aortic smooth muscle was not altered in schistosomiasis and therefore could not explain the enhanced contraction in response to the α 1 adrenoceptor agonist noradrenaline ) and 5-HT (present paper). Concordantly, we show here that the in vitro inhibition of Rho-kinase reduced the amplitude of the contraction in response to 5-HT similarly in both groups, discarding that the enhanced contraction might be related to an increased sensitivity of the contractile machinery, at least regarding Rho kinase signalling pathway.
Noradenaline increases aortic contraction ) and we have shown that 5-HT has similar effects, suggesting non-specific vascular alteration. However, this does not seem likely since aortic contraction induced by 10 nM ET-1 did not differ between groups. This finding is relevant since ET-1 can regulate pathophysiology of nonschistosomal portal hypertension (Ohara et al. 2001 , de Toledo et al. 2009 ). In addition, Rho kinase inhibition reduced equally the contraction induced by ET-1 in both groups. Consequently, our data suggest once more that Rho kinase downstream signalling is not affected by the disease state.
Circulating cytokines in the vascular system may alter the phenotype of its myocytes and endothelial cells (Vila & Salaices 2005 , Sprague & Khalil 2009 ). Therefore, enhancement of aortic contraction induced by 5-HT and noradrenaline , as well as the enhanced contraction of portal vein to 5-HT (Silva et al. 1998 (Silva et al. , 2003 , might reflect phenotypic changes induced by the diseaseassociated inflammation. For instance, p38 MAPK expression increases in schistosomiasis, which is involved in inflammation and also contributes to the enhanced portal vein contraction in response to 5-HT (Araujo et al. 2007 ). Consequently, immune-vascular interactions may occur in schistosomiasis, similar to the effects on non-vascular smooth muscle (Zhao et al. 2006) .
The effects of cytokines on smooth muscle constriction have been observed and vary according to the receptor, tissue and intracellular signalling pathway involved (Vicaut et al. 1996 , Adner et al. 2002 , Hendriks-Balk et al. 2009 ). For instance, TNF up regulates 5-HT 2A -mediated contraction (Adner et al. 2002) , but not angiotensin II-mediated contraction (Vicaut et al. 1996) . A previous report showed that the vascular contraction induced by ET-1 was unaffected by inflammation, while contraction due to 5-HT was enhanced (Hendriks-Balk et al. 2009 ). Accordingly, in our model the contraction induced by ET-1 was not affected. Of note, Nippostrongylus brasilienses infection up-regulates the expression of 5-HT 2A receptors in non-vascular smooth muscle and this effect is ascribed to IL-13 (Zhao et al. 2006) . Concerning intracellular receptors, IL-4 and IL-13, cytokines involved in the pathophysiology of asthma and schistosomiasis, upregulate the expression of ryanodine receptors in airway smooth muscle cells (Jude et al. 2008 , Kellner et al. 2008 . Therefore, these vascular alterations involving 5-HT 2A receptors and their signalling pathways could implicate 5-HT both in portal hypertension (Bosch et al. 1992 , Kaumann & Levy 2006 and secondary extra-portal vascular alterations occasionally observed in schistosomiasis as, for example, pulmonary hypertension (de Cleva et al. 2003 , Franco-Paredes et al. 2007 ).
According to the occupation theory, in the analysis of a dose-response curve, the amplitude of the response depends on the number of receptors occupied by the agonist (reviewed in Kenakin 1993) . As the maximal response to 5-HT was enhanced in the infected group, one possible explanation is an increase of 5-HT 2A receptors expression as already observed in other inflammationassociated conditions (Adner et al. 2002 , Zhao et al. 2006 , Hendriks-Balk et al. 2009 ). However, the maximal effect may also increase due to a raise of intrinsic efficacy of the agonist, which means the capacity of the agonist to initiate a stimulus (i.e., intracellular signalling activation) from one receptor (reviewed in Kenakin 1993) . Therefore, further experiments that systematically investigate the expression of vascular receptors in schistosomiasis are required and may add to the knowledge of the pathobiology of schistosomiasis.
As a conclusion, our data suggest that an immunevascular interaction occurs in schistosomiasis altering vascular contraction outside the mesenteric portal system. More importantly, it affects distinct intracellular signalling involved in aorta contraction, in this case increasing 5-HT 2A receptor signalling. Therefore, a possible immunevascular interaction, as described for other inflammatoryassociated conditions, may be the basis for some vascularrelated clinical alterations observed in the disease.
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